The nuclease hypersensitivity element III1 upstream of the P1 promoter of c-MYC controls 85-90% of the transcriptional activation of this gene. We have demonstrated that the purine-rich strand of the DNA in this region can form two different intramolecular G-quadruplex structures, only one of which seems to be biologically relevant. This biologically relevant structure is the kinetically favored chairform G-quadruplex, which is destabilized when mutated with a single G 3 A transition, resulting in a 3-fold increase in basal transcriptional activity of the c-MYC promoter. The cationic porphyrin TMPyP4, which has been shown to stabilize this G-quadruplex structure, is able to suppress further c-MYC transcriptional activation. These results provide compelling evidence that a specific G-quadruplex structure formed in the c-MYC promoter region functions as a transcriptional repressor element. Furthermore, we establish the principle that c-MYC transcription can be controlled by ligand-mediated G-quadruplex stabilization.
xpression of the c-MYC oncogene is linked to potentiation of cellular proliferation and to inhibition of differentiation, leading to its association with a number of human and animal malignancies, including carcinomas of the breast, colon, and cervix, as well as small-cell lung cancer, osteosarcomas, glioblastomas, and myeloid leukemias (1) (2) (3) (4) . Simply blocking c-MYC expression with antisense oligonucleotides has been shown to induce differentiation of myelocytes and myeloid leukemia cells, further cementing the inverse relationship between expression of this oncogene and differentiation (5) (6) (7) . In transfection experiments, c-MYC was demonstrated to immortalize normal fibroblasts, and, in concert with a cooperating oncogene such as v-ABL or v-RAS, it causes malignant transformation (4) . Much of this activity stems from the ability of c-MYC to act as both a transcriptional activator and repressor, inducing genes involved in proliferation, such as CAD, CDC25A, ODC, and hTERT, and repressing genes involved in growth arrest, such as GADD45 (4) . It also has been found that c-MYC plays a role in the apoptotic response (1, 4, 8) . For all of these reasons, c-MYC has emerged as an attractive target for anti-cancer therapeutic agents.
The transcriptional regulation of c-MYC expression is complex and involves multiple promoters and transcriptional start sites. P1 and P2 seem to be the predominant promoters (for reviews, see refs. 2, 3, and 9). The nuclease hypersensitivity element (NHE) III 1 of the c-MYC promoter controls 85-90% of c-MYC transcription and has been the subject of considerable research over the past 2 decades (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Originally identified as a major site of DNase I hypersensitivity (12) , the NHE III 1 is a 27-bp sequence located Ϫ142 to Ϫ115 bp upstream from the P1 promoter (Fig. 1) . Comprising a pyrimidine-rich coding strand and a purine-rich noncoding strand, the NHE III 1 is capable of engaging in a slow equilibrium between a typical duplex helix structure and both unwound and non-B-form regions of DNA called paranemic structures (21) , which are associated with sensitivity to S1 nuclease digestion (13) . Indeed, oligonucleotides representing the coding and noncoding strands can adopt i-motif and G-quadruplex structures, respectively (14, 15) . It has been proposed that both types of structures might play a role in c-MYC transcription, but the involvement of either has yet to be substantiated.
Methods

DMS Footprinting.
Each band of interest was excised and soaked in 100 mM KCl solution (300 l) for 6 h at 4°C. The solutions were filtered (microcentrifuged) and 30,000 cpm (per reaction) of DNA solution was diluted further with 100 mM KCl in 0.1 ϫ TE (10 mM Tris͞1 mM EDTA, pH 7.5) to a total volume of 70 l (per reaction). After the addition of 1 l of salmon sperm DNA (0.1 g͞l), the reaction mixture was subjected to 1 l of dimethyl sulfate solution (DMS:ethanol; 4:1, vol͞vol) for the times shown ( Fig. 1 C and D) . Each reaction was quenched with 18 l of stop buffer (3 M ␤-mercaptoethanol:water:NaOAc; 1:6:7, vol͞vol). After ethanol precipitation (twice) and piperidine cleavage, the reactions were separated on a preparative gel (16%) and visualized on a PhosphorImager. DMS analysis of unstructured Pu27 was performed essentially in the same way, by using heat-denatured 3Ј-end-labeled Pu27 in 0.1 ϫ TE buffer.
with the intramolecular basket quadruplex identified earlier (15) , which consists of three stacked G-tetrads, two lateral two-base loops, and a six-base bridging loop (Fig. 1C) . For band 2, a distinct and pronounced cleavage pattern suggested to us the formation of an intramolecular chair quadruplex, comprising two stacked Gtetrads, two lateral two-base loops, and an orthogonal three-base bridging loop (Fig. 1D) . Because G7 and G16 show strong DMS protection relative to the other two guanines immediately above the top G-tetrad (G14 and G23), we propose a staggered, or split, G-tetrad conformation for these four bases. It is possible that excessive strain imposed by a one-base bridging loop might prevent the adoption of a planar tetrad. DMS footprinting of bands of lower mobility than band 1 (Fig. 1B) were consistent with higher-order quadruplex structures (data not shown). Importantly, an identical DMS footprint to that found for band 2 can be produced from Pu27 exposed to 100 mM KCl for 5 min before DMS treatment (data not shown). Therefore, as anticipated, the chair quadruplex, which results from the simple folding-over of a DNA G-hairpin, is kinetically favored, whereas the basket quadruplex, having a more complex folding pattern associated with higher energy intermediates and a greater number of stacked G-tetrads, is slower to form but is thermodynamically favored (compare lane 3 with lane 1 in Fig. 1B) .
Further evidence for the facile formation of this chair conformation of the G-quadruplex structure is the selection of a thrombinbinding aptamer (TBA; ref. 23 ) and an HIV-integrase-binding oligonucleotide (ref. 24 ; typified by T30695; Scheme 1), which have very similar structures, from libraries of DNA oligomers. These two chair quadruplexes have been extensively characterized by x-ray diffraction and NMR studies (25) (26) (27) (28) . Both aptamers consist of two stacked G-tetrads with two lateral two-base loops, but whereas the bridging loop of TBA contains three bases, for T30695 there are only two. The chair structure proposed for Pu27 incorporates a TGTG lateral loop motif, identical to the loop region of T30695, which may form an ordered tetrad arrangement (28) .
The G-Quadruplex Is the Repressor Element in the NHE III1. To evaluate the potential biological significance of the two intramolecular G-quadruplex structures, single-or double-base mutations of Pu27 were designed ( Fig. 2A) , and the various constructs were evaluated for both promoter activity in a luciferase reporter assay ( Fig. 2 B and C) and for the ability to form G-quadruplex structures using a Taq polymerase stop assay ( Fig. 2 D and E) . In the luciferase reporter assay, single-base mutations, which destabilized a single tetrad uniquely associated with either the basket or chair Gquadruplex ( Fig. 2 A) , had quite different effects (Fig. 2C) . In comparison to the wild-type sequence, a single-base mutation of a tetrad unique to the chair form resulted in a 3-fold increase in transcriptional activity, whereas a corresponding mutation to the basket form had a negligible effect. A single-base mutation, which eliminated a G-tetrad in both chair and basket forms, also caused a 3-fold increase in transcriptional activation, whereas a null double-base mutation, which has no effect on either G-quadruplex structure, had the same activity as the wild type. These results have two important implications: (i) only the chair G-quadruplex structure is biologically relevant, and (ii) disruption of the chair Gquadruplex structure results in a significant increase in transcriptional activation (3-fold), implicating formation of this G-quadruplex structure as a repressor element to transcriptional activation of c-MYC.
The same wild-type and mutant sequences of the Pu27 were used in a Taq polymerase stop assay (29) , which can be used to evaluate the ability of a DNA sequence to form stable G-quadruplex structures. In this assay (Fig. 2D) , primer extension using Taq polymerase leads to premature stops at G-quadruplex structures. The results show that significant arrest occurs with the wild-type insert at 45°C. The primary arrest site occurs at G37, which corresponds to G7 in Pu27. The single-base mutant in the basket G-quadruplex and the null double-base mutant are equivalent to the wild type, whereas the single-base mutant in the chair and the mutant that affects the stability of both chair and basket structures lead to loss of the G-quadruplex-mediated polymerase arrest (Fig.  2E ). This result is exactly complementary to that found in the promoter assay, in which only those mutations that result in destabilization of the chair quadruplex result in enhancement of c-MYC transcriptional activation.
Stabilization of the G-Quadruplex Leads to Repression of c-MYC.
In previous studies, we have demonstrated that whereas the cationic porphyrin TMPyP4 (Fig. 3A) is able to bind to G-quadruplex structures, TMPyP2 (Fig. 3A) is much less able to do so because of restricted rotation around the meso bond, which is required for either insertion into or external stacking to the G-tetrad structure (30) . Consequently, the biochemical effects, such as inhibition of telomerase (31) and inhibition of helicase-mediated unwinding of G-quadruplex structures (32) , are only associated with TMPyP4. Corresponding biological effects, such as production of anaphase bridges (33) and in vivo antitumor activity (34) , are also only 34) . To determine whether these effects could be directly related to TMPyP4 binding to the biologically relevant G-quadruplex structure in the NHE III 1 , the interaction of TMPyP4 and TMPyP2 with both the chair and basket G-quadruplex structures was investigated ( Fig. 3 B and C) . Both TMPyP4 and TMPyP2 catalyze the oxidation of DNA upon exposure to light, which results in DNA strand breakage in proximity to the binding sites. Consequently, the specific cleavage patterns of G-quadruplex DNA by these compounds have been used to infer their binding modes and sites (32) . The results of TMPyP4 and TMPyP2 photoinduced cleavage of the basket G-quadruplex are shown in Fig. 3B . An identical cleavage pattern was produced by both cationic porphyrins for the basket quadruplex. DNA damage was centered on the constituent guanines of the six-base bridging loop, inferring that both porphyrins are able to bind to this region, but in a nonspecific way that is neither intercalating nor end-stacking. Conversely, only TMPyP4 gave rise to a specific cleavage pattern when the chair G-quadruplex structure was subjected to photocleavage, which is most likely associated with partial end-stacking of TMPyP4 to the external G-tetrads, that is, at the positions shown by the blue arrows ( Fig. 3C; ref. 32 ). If TMPyP4 lowers c-MYC transcription by interacting with a quadruplex structure, the implication from the photocleavage data ( Fig. 3 B and C) is that it is the chair and not the basket G-quadruplex that is the molecular target. To determine whether the selectivity of TMPyP4 vs. TMPyP2 in lowering c-MYC is caused by specific stabilization of the chair conformation by TMPyP4, we performed the Taq polymerase stop assay at an elevated temperature (60°C) to destabilize partially the arresting quadruplex structure, but now in the presence of increasing concentrations of TMPyP2 and TMPyP4 (Fig. 3D) . Whereas TMPyP2 only modestly stabilized the G-quadruplex arrest site, even at 20 M, the addition of TMPyP4 led to almost 50% arrest at 0.5 M and virtually total arrest at 5 M. Consequently, we have shown that TMPyP4, but not TMPyP2, exhibits a marked binding and stabilizing effect on the chair quadruplex. This finding is in complete agreement with the differential effects of the two compounds on c-MYC expression in vitro and sensitivity in vivo to tumors that overexpress c-MYC (MX-1 and PC-3; ref. 34) . Although G-quadruplex-forming units have been located in a number of oncogene promoters, including c-ABL, c-FOS, and c-MYB (15), it is only in the promoter region of the human insulin gene that indirect experimental evidence has been obtained (35) . In this promoter region, the insulin-linked polymorphic region has been implicated as a factor in insulin-dependent diabetes mellitus. The insulin-linked polymorphic region is composed of a variable number of tandemly repeated variants of the sequence 5Ј-ACAGGGGTGTGGGG-3Ј. Variations in the sequence and number of repeats alters transcriptional activity, which correlates with the ability of these sequences to form intraand intermolecular G-quadruplexes (35) . 
Down-Regulation of c-MYC by TMPyP4
Requires the NHE III1. To assess directly the importance of the NHE III 1 in mediating the c-MYC transcriptional inhibition by TMPyP4, two Burkitt's lymphoma cell lines with different translocation break points within the c-MYC and Ig loci were selected. Whereas the Ramos cell line retains the NHE III 1 during the translocation, the CA46 cell line has lost this element, together with the P1 and P2 promoters (Fig. 4a) (4, 36) . As anticipated, when the NHE III 1 element was deleted, as in the CA46 cell line, TMPyP4 had no effect on c-MYC transcriptional activation, whereas in the Ramos cell line, which retains this element, TMPyP4, but not TMPyP2, lowered c-MYC expression (Fig. 4b) . This result is consistent with TMPyP4 mediating its transcriptional inhibitory effect on c-MYC by interaction with the NHE III 1 found upstream of the P1 promoter. Although the deletion experiments using the CA46 cell line were suggestive of the involvement of the NHE III 1 in mediating the effect of TMPyP4 on c-MYC gene expression, an additional experiment using the mutant promoter-luciferase constructs in concert with TMPyP4 would provide greater insight into the identity of the target receptor. Before determining the effects of TMPyP4 on luciferase expression under the control of the mutant NHE III 1 elements, the ability of TMPyP4 to stabilize the mutant quadruplex structures was evaluated by using the polymerase stop assay (Fig.  4c) . As anticipated, TMPyP4 stabilized the arrest site of the null and basket mutants to an equivalent degree as the wild type. Although the chair and dual mutants produced only a minimal polymerase arrest in the absence of TMPyP4, significant arrest was induced at high drug concentrations, presumably because the destabilizing effect of the single-base mutations can be annulled partially by the reinforcing stabilization by TMPyP4. The IC 50 values for polymerase arrest are shown above the gel in Fig. 4c . In the luciferase expression experiment (Fig. 4d) , the addition of TMPyP4 produced similar results for both the null and basket mutants as with the wild-type promoter. In the case of both the chair and dual mutants, TMPyP4 produced a modest reduction in luciferase expression, in accord with the stabilization effects on the mutant quadruplexes observed in the polymerase stop assay. Moreover, if the effect of TMPyP4 had been mediated through a receptor other than that formed by the NHE III 1 , we would have expected equal effects on (29) for determination of the effect of TMPyP4 on the stabilization of the G-quadruplex in the wild-type (lanes 1-5) and various mutant (see Fig. 2A ) sequences (lanes 6 -25). TMPyP4 was added at the concentrations shown, and the experiment was carried out under the same conditions as in Fig. 2D . Above the gel are the approximate IC 50 values for polymerase arrest by TMPyP4 determined in this experiment. (d) Luciferase expression assays to determine the effect of TMPyP4 on promoter activity of the wild-type and various mutants (see Fig. 2 A) . HeLa S3 cells were transiently transfected as described earlier. Twenty-four hours after transfection, cells were exposed to 100 M TMPyP2 or TMPyP4 or an equivalent volume of water as a control added to the growth medium. Treatments lasted for 24 h, after which the cells were lysed, and the lysates were tested for luciferase activity, as in Fig. 2B . Experiments were performed in duplicate. Error bars represent 1 SD above and below the mean % luciferase activity. The numbers are given relative to treatment with TMPyP2, which, like TMPyP4, shows about a 20% nonspecific inhibition of luciferase activity in both these plasmids, as well as in an unrelated vector (pGL3 control).
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PNAS ͉ September 3, 2002 ͉ vol. 99 ͉ no. 18 ͉ 11597 APPLIED BIOLOGICAL SCIENCES luciferase expression, regardless of the ability to form the biologically relevant chair quadruplex. This result, alongside the differential effects on CA46 and Ramos cell lines, provide compelling support that the c-MYC-lowering effect of TMPyP4 is mediated through a specific G-quadruplex in the NHE III 1 of the c-MYC promoter.
Discussion
On the basis of new molecular insights gained through the experiments described in this paper, and building on previous studies of the factors affecting transcriptional activation of c-MYC (12) (13) (14) (15) (16) (17) (18) (19) (20) 37) , a model can be proposed for how the NHE III 1 controls c-MYC expression (Scheme 2). First, the Gquadruplex structure is a negative regulator of c-MYC because a single base mutation, which destabilizes the chair form, increases c-MYC expression 3-fold. Furthermore, compounds that stabilize this G-quadruplex structure have the anticipated opposite effect: decrease in c-MYC expression (34) . The paranemic forms of the NHE III 1 -that is, the chair G-quadruplex formed by Pu27 and possibly an i-motif structure formed in the complementary strand-need to be converted to unstructured purine and pyrimidine single-stranded forms before c-MYC can be transcriptionally activated (20) . The interconversion between the paranemic forms and duplex DNA is proposed to require NM23-H2 as an accessory factor (20) . This hexameric c-MYC transcription factor binds to both the duplex and both paranemic forms of NHE III 1 with similar stoichiometry (20) , although there is some disagreement with this conclusion (38) . In addition to its sequence-specific DNA-binding property, NM23-H2 catalyzes two other seemingly unrelated functions (39) . The first is sequence-specific double-strand cleavage of the DNA backbone, which involves a Schiff-base intermediate between the -amino group of Lys-12 of NM23-H2 and C1Ј of the ribose in DNA (39) . The second is an NDP kinase activity that generates dNTPs.
Significantly, both functions use the same catalytic pocket, suggesting that NM23-H2 may play a reversible role, that is, strand cleavage and repair synthesis (40) . Thus, NM23-H2 would play an accessory, or transacting, role rather than be directly involved in the on͞off gene switch (41) . CNBP and hnRNP K, on the other hand, would play a more immediate role in transcriptional activation by binding to the Pu-and Py-rich strands of the duplex DNA directly (17) (18) (19) . Indeed, hnRNP K has been shown to interact with RNA polymerase II via the TATA binding protein to activate c-MYC expression (42) . In a more general sense, if paranemic forms of DNA, such as G-quadruplexes and i-motifs, which are associated with polypurine͞polypyrimidine tracts, are important elements of on͞off gene switches in regulatory regions of DNA (43), their inherently quite different molecular recognition properties to those associated with duplex DNA make them attractive molecular targets for the design of small molecules to selectively interfere with oncogene expression (44, 45) . The formation of similar Gquadruplexes in other promoters of growth regulatory genes (unpublished results), such as PDGF-A, c-myb, and Ki-ras, suggest that this phenomenon will be more general in genes associated with growth and proliferation. The sequestration of the active form of the promoter as a G-quadruplex rather than in a nucleosome may have advantages for a rapid response required for genes involved in proliferation and may have been an ancient mechanism for controlling gene expression.
